Activated microglia and astroglia are known to be involved in a variety of neurodegenerative diseases, including prion diseases. In the present experiments, we studied activation of astroglia and microglia after intraocular scrapie infection in transgenic mice expressing prion protein (PrP) in multiple cell types (tg7 mice) or in neurons only (tgNSE mice). In this model, scrapie infection and protease-resistant PrP deposition occurs in the retinas of both strains of mice, but retinal degeneration is observed only in tg7 mice. Our results showed that the retinas of tg7 and tgNSE mice both had astroglial activation with increased chemokine expression during the course of infection. However, only tg7 retinas exhibited strong microglial activation compared to tgNSE retinas, which showed little microglial activation by biochemical or morphological criteria. Therefore, microglial PrP expression might be required for scrapie-induced retinal microglial activation and damage. Furthermore, microglial activation preceded retinal neurodegeneration in tg7 mice, suggesting that activated microglia might contribute to the degenerative process, rather than being a response to the damage. Surprisingly, brain differed from retina in that an altered profile of microglial activation markers was upregulated, and the profiles in the two mouse strains were indistinguishable. Microglial activation in the brain was associated with severe brain vacuolation and neurodegeneration, leading to death. Thus, retinal and brain microglia appeared to differ in their requirements for activation, suggesting that different activation pathways occur in the two tissues.
Transmissible spongiform encephalopathies, or prion diseases, are a group of fatal degenerative brain diseases that occur naturally in primates and ruminants. They include scrapie in sheep, bovine spongiform encephalopathy in cattle, and several human diseases, such as Creutzfeldt-Jakob disease, kuru, and Gerstmann-Sträussler-Scheinker syndrome. The normal host prion protein (PrP) is required for propagation of the scrapie agent and for development of clinical disease (7, 9) , and conversion of normal protease-sensitive PrP (PrP-sen) to an aggregated partially protease-resistant structure (PrP-res) is a critical event in the disease process. PrP is attached to the cell surface by a glycolipid anchor and is normally expressed in most cells and tissues, including neurons (28) , astrocytes (28, 35, 50) , lymphocytes (11) , follicular dendritic cells (34) , and tumor cell lines of various lineages (12) .
Both neurons and astrocytes have been emphasized as major sites of agent replication and PrP-res accumulation (3, 31, 44, 45) . In several models of scrapie infection, the initial pathological changes identified have been the deposition and accumulation of PrP-res within a particular brain area simultaneously with or closely followed by astroglial activation, and later by neuropil vacuolation and, in some cases, neuronal loss (6, 19, 51) . However, microglia are known to be required for some models of in vitro PrP peptide-induced toxicity (4, 5, 39) , and there is a growing body of evidence that implicates microglial cells as potential mediators of in vivo neurodegeneration in transmissible spongiform encephalopathy disease (2, 5, 8, 16, 19, 46, 53) . There is also evidence to support the hypothesis that microglia are activated early by exposure to infection or PrP-res and that these activated microglia may contribute to neuronal damage and clinical disease (23, 33, 51) .
As an extension of the central nervous system (CNS), the retina has often been featured in pathological studies because of its relatively simple architecture and well-described physiological properties. Direct intraocular (i.o.) infection has the advantage of initiating a localized infection in the retina, in addition to determining pathogenic effects in the brain by providing the ability to follow the infection through well-defined visual tracts. Other mouse scrapie experiments have successfully utilized i.o. inoculation with the mouse scrapie strain ME7 (17, 37, 47, 48) . Furthermore, recent work using scrapie infection of sheep has validated the importance of this model in a natural infection and indicated the retina and brain visual system as a prominent site of PrP-res accumulation and pathology (21) .
Using transgenic mice that express hamster PrP (HaPrP) in multiple cell types (tg7 mice) (43) or mice that have HaPrP expression restricted to neurons (tgNSE mice) (44), we previously showed that tg7 retinas progressed to full degeneration following i.o. inoculation with hamster scrapie strain 263K, while tgNSE retinas exhibited few degenerative changes (25) . In both strains of mice, the infection followed the visual tracts to the brain, and the mice succumbed to disease.
In the present study, we used this i.o. infection model to explore the relationship between the inflammatory response and neurodegeneration in both retina and brain by monitoring chemokines and astroglial and microglial activation markers. After retinal infection, astroglial markers and chemokines were upregulated in both tg7 and tgNSE mice. In contrast, microglial-activation markers were increased in the retinas of tg7 but not tgNSE mice. This activation was closely followed by severe retinal degeneration. These results suggested that scrapie infection of tg7 mice expressing PrP-sen on both neuronal and nonneuronal cell types is strongly associated with microglial activation, which could contribute to the subsequent retinal degeneration process.
MATERIALS AND METHODS
Infection of mice. All mice were bred and raised at the Rocky Mountain Laboratories and were handled according to the policies of the Rocky Mountain Laboratories Animal Care and Use Committee and all applicable federal guidelines. Adult (6-to 8-week-old) animals were used for all experiments. The transgenic animals used for this study have been described previously (43, 44) . For i.o. inoculations, mice were deeply anesthetized by intramuscular injection of a combination anesthetic cocktail containing ketamine, xylazine, and acepromazine. Approximately 2 ϫ 10 5 the intracranial 50% infectious dose (ID 50 ) of hamster 263K scrapie infectivity in 2 l of phosphate-buffered saline (PBS) (pH 7.2) supplemented with 2% fetal bovine serum (HyClone, Logan, UT) was injected unilaterally into the vitreous cavity using a 32-gauge needle attached to a 10-l Hamilton syringe. After injection, the needle was left in the vitreal chamber for 1 min to minimize leaking of the inoculum. All mice were observed several times each week for clinical signs of scrapie, which included weight loss, kyphosis, ataxia, and an exaggerated high-stepping gait most noticeable in the hind limbs (43) . Mice exhibiting short incubation periods (less than 100 days) died within 1 to 4 days after the appearance of clinical symptoms, whereas mice exhibiting longer incubation periods had more prolonged clinical disease that lasted 10 to 14 days. Brain samples from mice in each group with clinical evidence of scrapie were analyzed for PrP-res by Western blotting to confirm the clinical diagnosis (44) .
Pathology and immunohistochemistry. Mice used for histopathological analysis were lightly anesthetized, and then transcardially perfused with 30 ml of PBS. The eyes were removed and placed in Davidson's fixative (3 parts 100% ethanol, 2 parts 37 to 40% formaldehyde, and 1 part glacial acetic acid) for 24 h before dehydration and embedding in paraffin. Whole brains were removed and placed in 3.7% phosphate-buffered formalin for 3 to 5 days and then cut into 2-to 3-mm coronal sections before dehydration and embedding in paraffin. Serial 4-m sections were cut using a standard Leica microtome, placed on positively charged glass slides, and dried overnight at 56°C. All histopathological procedures were performed on brain and eye sections from both mock-infected and scrapieinfected animals, including appropriate immunohistochemical controls. Immunohistochemical staining was performed using the Ventana automated Nexus stainer (Ventana, Tucson, AZ). Slides were deparaffinized and rehydrated to Tris-HCl buffer, pH 7.5 (glial fibrillary acidic protein [GFAP] staining), or 0.1 mM citrate buffer, pH 6.0 (3F4 staining). Staining for GFAP utilized a standard avidin-biotin complex immunoperoxidase protocol using anti-GFAP at a dilution of 1:1,000 (Dako, Carpinteria, CA), biotinylated goat anti-rabbit immunoglobulin G (IgG) at a dilution of 1:250 (Vector Laboratories, Burlingame, CA), and amino-ethyl carbazole as a substrate (Ventana). For the detection of PrP-res, it is necessary to perform antigen retrieval by treating the sections with formic acid or subjecting them to autoclaving and/or proteinase K digestion (20, 27) . The sections in this study were rehydrated and autoclaved for 20 min at 122°C and 22 lb/in 2 in 0.1 mM citrate buffer (pH 6.0). PrP-res was then stained with mouse monoclonal antibody 3F4 cell culture supernatant (1:50) (24) . Detection was performed with biotinylated horse anti-mouse IgG diluted 1:250 (Vector), followed by Supersensitive Streptavidin diluted 1:3 in Tris-HCl, pH 7.5, buffer (Biogenex) and amino-ethyl carbazole. For the Iba1 stain (22) , slides were deparaffinized and rehydrated to 0.1 mM citrate buffer, pH 6.0. The slides were pretreated in citrate buffer for 30 seconds at 120°C using the Biocare decloaking chamber (Walnut Creek, CA) and then incubated with a standard avidin-biotin complex immunoperoxidase protocol using anti-Iba1 at a dilution of 1:1,000 (WAKO Chemicals, Richmond, VA), biotinylated goat anti-rabbit IgG at a dilution of 1:250 (Vector), and amino-ethyl carbazole as a substrate (Ventana).
Glial cell culture and staining. Primary glial cells were prepared from the brains of both tg7 and tgNSE neonatal mice (12 to 36 h postbirth). The brains were dissected to remove the cerebella, olfactory bulbs, and midbrains. The remaining cerebral cortices were triturated under sterile conditions in Dulbecco's modified Eagle's medium/F12 medium (GIBCO, Carlsbad, CA) containing 10% fetal bovine serum (HyClone, Logan, UT), 100 g/ml streptomycin, 100 U/ml penicillin, and 2 mM L-glutamine (GIBCO) and cultured in 25-cm 2 flasks under standard conditions. The confluent (5-to 7-day-old) cultures were agitated overnight on a rotary shaker at 37°C and 250 rpm to remove the microglia. The separated microglia were transferred to Lab-Tek Chamber Slides (Nunc, Naperville, IL) and allowed to grow for 48 to 72 h to a subconfluent density prior to being stained. Astrocytes were removed from the 25-cm 2 flasks by trypsinization and were similarly transferred to Lab-Tek slide chambers for culture and staining.
To detect PrP-sen expression, tg7 and tgNSE microglial and astroglial cell cultures were rinsed with PBS and then incubated for 30 min at 37°C with 1:500 monoclonal antibody 3F4 (24) . The cells were rinsed with PBS and fixed for 15 min in 3.7% formaldehyde, followed by permeabilization in a solution of 0.1% Triton X-100 and 0.1% sodium citrate for 10 min. The slides were blocked for 30 min with 0.1 M glycine in PBS and for 30 min with 3% bovine serum albumin in PBS (Sigma, St. Louis, MO). To distinguish cell types, either rabbit anti-GFAP (Dako) or rabbit anti-Iba1 (WAKO) was applied (1:1,000) for 30 min at 37°C. Anti-3F4 was visualized by reaction with a secondary antibody, Alexa Fluor 488 goat anti-mouse IgG (Invitrogen, Carlsbad, CA), at 1:2,500 for 30 min at 37°C. Anti-GFAP or anti-Iba1 was visualized by reaction with Alexa Fluor 568 goat anti-rabbit IgG at 1:2,500 for 30 min at 37°C. The slides were then mounted with coverslips using ProLong Gold antifade reagent with DAPI (4Ј,6Ј-diamidino-2-phenylindole) (Invitrogen, Eugene, OR). The slides were examined on an Olympus BX51 microscope (Olympus America, Melville, NY), and images were captured with MicroSuite 5 imaging software (Soft Imaging System Corp., Lakewood, CO).
Infectivity titration. tg7 and tgNSE mice were inoculated i.o. as described above. At several time points postinfection (p.i.), the eyes from three individual mice were removed and homogenized (10% [wt/vol]) in Tris buffer (pH 7.2). The homogenates were spun at 600 ϫ g for 5 min to remove large cell debris and then sonicated for 1 min. Serial 10-fold dilutions (10 Ϫ1 to 10 Ϫ8 ) of each homogenate were made in PBS supplemented with 2% fetal calf serum, and then 50 l of each dilution was inoculated intracranially into groups of four tg7 recipient mice. The mice were observed weekly and sacrificed upon the appearance of clinical symptoms or after Ͼ400 days. Infectivity titers/50 l homogenate (ID 50 ) were determined by the Spearman-Karber method (15) .
Real-time quantitative RT-PCR.
Quantitative real-time reverse transcriptase (RT) PCR was performed as previously described, with some modifications (14) . Brain and eye tissues were harvested and immediately placed in RNALater (QIAGEN, Valencia, CA). Total RNA was isolated from whole eye and brain tissues of individual transgenic mice using the RNeasy minikit (QIAGEN) plus DNase treatment. The left half of each brain was dissected into the thalamus, superior colliculus, and dorsal cortex, and each piece was processed individually for total RNA. Each RNA was reversed transcribed into cDNA using reverse transcription reagents with random hexamers (Applied Biosystems, Foster City, CA). The cDNAs were PCR amplified in triplicate by using TaqMan PCR Master Mix (Applied Biosystems) in a total reaction volume of 10 l. All primer and probe sequences used were from gene expression assays (Applied Biosystems). The relative quantity of each gene amplified was normalized with mouse ␤-actin for each sample. The normalized relative expression values for each gene from scrapie-infected samples were compared with the gene expression levels from mock-infected samples to determine the differences.
Immunoblot analysis for PrP-res. Eye tissues were analyzed for the presence of PrP using Western blotting techniques as previously described (42), with some modifications. For PrP-res, 10% (wt/vol) homogenates of eye tissue were made in modified RIPA buffer (5 mM Tris-HCl, pH 7.4, 0.5% Triton X-100, 0.5% sodium deoxycholate, 150 mM NaCl, and 5 mM EDTA). To remove nucleic acids, the homogenates were treated with 20 U Benzoase nuclease (Novagen, Madison, WI) for 30 min at 37°C, and debris was removed by centrifugation at 1,000 ϫ g for 5 min at 4°C. The homogenates were treated with a final concentration of 50 g/ml proteinase K for 1 hour at 37°C. Five-milligram tissue equivalents were diluted in sample buffer and run on 16% polyacrylamide gels. Proteins were transferred to polyvinylidene difluoride membranes and probed with monoclonal antibody 3F4 as described previously, except that detection was with goat anti-mouse IgG-horseradish peroxidase (1:3,000) and standard enhanced-chemiluminescence procedures (GE Healthcare, Piscataway, NJ). Detection for enhanced chemifluorescence was performed with goat anti-mouse IgG-alkaline phosphatase (1:2,500). The blots were dried for 2 h, scanned with a Storm phosphorimager, and then analyzed with ImageQuaNT V5.2 software (Molecular Dynamics, Sunnyvale, CA).
RESULTS
PrP-sen expression in astroglia and microglia of tg7 and tgNSE mice. Expression of PrP-sen is required for susceptibility to prion disease infection. tg7 and tgNSE mice are both known to express PrP-sen in neurons (43, 44) . Based on the broad cell type specificity of the PrP promoter (tg7) and the narrow "neuron-only" specificity of the NSE promoter (tgNSE), expression of PrP-sen in nonneuronal cells, including astroglia and microglia, was expected in tg7, but not in tgNSE, mice. Because of the possible importance of glial cells and glial cell-type-specific PrP expression in the current study, we examined PrP-sen expression directly in glial cultures from these mice. In these experiments, tgNSE astroglia and microglia had no detectable PrP-sen expression (Fig. 1A and C) , whereas both astroglia and microglia from tg7 mice showed strong PrP-sen reactivity (Fig. 1B and D) . Thus, the differences in PrP-sen expression in glial cells of tg7 and tgNSE mice might alter scrapie infection or stimulation of these cells by PrP-res, thereby influencing the pathogenic process.
Scrapie-induced pathogenesis in transgenic retinas. We previously showed that after i.o. scrapie infection, both tg7 and tgNSE mice generated PrP-res in the retina by 6 to 8 weeks p.i. (25) . Furthermore, both mouse strains had PrP-res deposition and astrogliosis in the retina, but only tg7 mice had retinal degeneration.
It was surprising that tgNSE retinas were not damaged by scrapie infection. To demonstrate ocular scrapie infection and replication in these mice, we studied scrapie infection using a quantitative end point dilution infectivity assay. After i.o. scrapie infection in both mouse strains, an initial drop in infectivity at 2 weeks p.i. was followed by a steady increase in titer ( Fig. 2A) . There was significant propagation of infectivity in both strains, but tg7 mice had 30-to 50-fold-higher levels than tgNSE mice at 4, 6, and 12 weeks p.i., possibly due to the presence of PrP-sen in a wider variety of retinal cell types in tg7 mice.
We have previously demonstrated equal retinal expression of the normal PrP, PrP-sen, in both strains (25) . To quantitate the amount of PrP-res that accumulated in transgenic retinas, Western blotting of retinal extracts from scrapie-infected transgenic mice was performed at 12 weeks p.i., which was near the clinical time of disease. After i.o. infection, tg7 mice accumulated threefold-higher levels of PrP-res than tgNSE mice (Fig. 2B ). This small difference in PrP-res accumulation did not seem sufficient to account for the major difference in retinal damage seen in the two mouse strains. However, it suggested that the differences in PrP-sen expression on nonneuronal cells in the two strains might contribute to the retinaldegeneration patterns observed.
Histopathology and biochemical studies of infected retinas. To study the kinetics of the pathogenic process in i.o. infected mice, immunohistochemistry was done on retinal sections from various times p.i. PrP-res deposition and the presence of GFAP-positive activated astrocytes were first detected in both mouse strains at 4 weeks p.i. The number of activated astrocytes increased and spread to multiple retinal layers at subsequent time points, until retinal degeneration at 12 weeks p.i. led to a decrease in all cell types seen (Fig. 3) .
To observe microglia by immunohistochemistry, we used anti-Iba1, which detects both activated and nonactivated microglia and macrophages (22) . In tg7 mice, an increase in the number of microglia was first detected at 3 to 4 weeks p.i., and by 6 to 8 weeks p.i., these cells were present in multiple retinal layers and showed thickened processes typically associated with activated microglia (Fig. 3N) . These microglia were first detectable slightly preceding retinal degeneration, which began at 8 weeks p.i. and was severe at 10 to 12 weeks p.i. (Fig. 3T) . Therefore, they might be contributing to the retinal degenerative process in tg7 mice. In contrast, tgNSE mice had only a slight increase in the number of microglia, mainly in the plexiform layers, at 6 to 8 weeks p.i., and these cells usually had thin processes characteristic of nonactivated microglia (Fig. 3Q) . Furthermore, the number of these cells was not altered during the ensuing time up to 10 to 12 weeks p.i., which was near the end stage of disease (Fig. 3W) .
To determine more precisely whether the retinal microglia seen in tg7 and tgNSE mice were activated, we studied the expression of four different genes previously shown to be associated with activation of microglia (13, 46) . Four transcripts were measured by RT-PCR in the infected retinas: macrosialin (CD68), a panmicroglia marker and a member of the Lamp family of receptors; Emr1 (F4/80), of the EGF/Tm7 family; CD14, a member of the class A scavenger receptors; and ITGAM (CD11b), of the integrin family. In the tg7 retinas, expression of all four microglial-activation markers was significantly increased at 6 and 10 weeks p.i. (Fig. 4) . In contrast, in tgNSE mice, none of these markers were significantly upregulated at any time between 6 and 12 weeks p.i. Thus, these gene expression analyses indicated that activation of retinal microglia occurred following scrapie infection in tg7 mice but not in tgNSE mice.
Upregulation of chemokine RNAs in scrapie-infected retinas. Several proinflammatory cytokines and chemokines have been shown previously to be associated with scrapie pathogenesis (10, 16, 30) . To investigate whether such molecules were produced in scrapie-infected retinas from our transgenic mice, we used real-time quantitative RT-PCR to test mRNAs at several times p.i. We tested the expression levels of 15 different genes, many of which have been detected in various models of CNS degenerative, infectious, or inflammatory diseases (1, 10, 16, 26, 29, 32, 37, 49, 52, 54). Of the genes examined, the 11 unaltered genes were those for interleukin-1␣, tumor necrosis factor alpha, CCL5 (RANTES), CCL4 (MIP-1␤), CXCR3, CHOP-1, C1q-␤, iNOS, eNOS, nNOS, and XCT-1. Only GFAP, an astrocyte activation marker, and the chemokines CCL3 (MIP-1␣), CCL2 (MCP-1), and CXCL10 (IP-10) were found to be altered. In all four cases, upregulation was detected in both mouse strains, but the kinetics were slightly faster and the levels were higher in the tg7 mice (Fig. 5) . Since all three of the upregulated chemokines have been shown to be produced by activated astrocytes, this result was consistent with our histopathological results showing astroglial activation. Possibly in tg7 mice activated microglia might also produce some of these chemokines, and this could account for the slightly increased levels seen in tg7 retinas.
Astroglial and microglial activation in transgenic mouse brains. Following ocular scrapie infection, PrP-res ascends via the visual tract from the eye to the visual areas of the brain (17, 25, 48) . To study whether scrapie-induced activation of microglia and astroglia in the brain was similar to activation in the retina, we tested two areas of the visual system (the thalamus and superior colliculus) and one nonvisual region (the dorsal cortex) of the brains of tg7 and tgNSE mice for expression levels of the genes previously studied in the retina. Of this group, the 11 genes that were unaltered in the retina were also unaltered in the brain. The four upregulated genes seen in the retina, those for GFAP, CCL2, CCL3, and CXCL10, were also upregulated in visual areas of both infected tg7 and tgNSE mice (Fig. 6 ). These alterations were likely scrapie specific, as they were not seen in the dorsal cortex, which was only minimally infected at these times.
When we tested the microglial markers, only macrosialin (CD68) was increased in the visual areas, and surprisingly, this Western blot of PrP-res from clinically sick tg7 and tgNSE mice. Each 10% eye homogenate was treated with proteinase K as described in Materials and Methods, and PrP-res bands representing multiple glycosylation forms are indicated by approximate molecular mass markers (16 to 30 kDa). Lanes 1 to 3 represent proteins from three individual tg7 animals, and lanes 1 to 5 represent proteins from five individual tgNSE animals. The gels were loaded with equivalent amounts of protein (5 mg/10 l tissue equivalents), and exposure times were equivalent. The blots were processed, and densitometric analysis was performed to generate average units per eye homogenate. The difference (n-fold) in densitometric units relative to the tgNSE eye is shown.
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on November 12, 2017 by guest http://jvi.asm.org/ occurred in both tg7 and tgNSE mice (Fig. 7) . The other three microglial activation markers, Emr1 (F4/80), CD14, and ITGAM (CD11b), were not increased significantly in the brain. Thus, the profile of activation markers expressed in brain microglia differed markedly from that in the retina, where all four microglial activation markers were upregulated. The timing of upregulation of macrosialin was somewhat delayed in the brain compared to the retina (6 weeks in the retina versus 10 weeks in the thalamus and superior colliculus), but this delay was likely due to the time required for PrP-res generation to progress from the retina to the brain via the optic nerve.
To confirm that these biochemical results truly were indic-
Immunohistochemical analysis of PrP-res, microglia, and activated astroglia in scrapie-infected tg7 and tgNSE retinas. Representative sections from uninfected (mock) or scrapie-infected mice sacrificed at 3 to 4 weeks (w), 6 to 8 weeks, or 10 to 12 weeks (clinical) p.i. are shown. Immunohistochemical staining was performed with anti-3F4 antibody (PrP-res), anti-Iba1 antibody for microglia (MG), or anti-GFAP antibody for activated astroglia (AG), as described in Materials and Methods. Compare activated microglia with thickened processes (arrow) in tg7 mice (N) to microglial cells with thin processes (arrow) in tgNSE mice (Q). Retinal layers are indicated as follows: PL, photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GL, ganglion layer. Scale bar, 20 m (in panel U). Original magnification, ϫ40.
ative of microglial activation, brain sections were immunostained with anti-Iba1. In scrapie-infected mice of both tg7 and tgNSE lines, there was obvious evidence of a very large increase in the number of Iba1-positive microglia in the thalamus (Fig. 8A) , and many of these cells had plumb cell bodies and short stubby processes characteristic of activated microglia. Therefore, immunohistochemical analysis correlated with the RNA analysis, suggesting that activated microglia in both strains of mice were associated with areas of neurodegeneration. Furthermore, since there was extensive neurodegeneration and vacuolation leading to death in both tg7 and tgNSE mice, the presence of activated microglia in the brain correlated with neuronal damage in both strains.
DISCUSSION
In the present work, we studied the pathogenesis of retinal damage after i.o. hamster scrapie infection in two transgenic 
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on November 12, 2017 by guest http://jvi.asm.org/ mouse strains that express HaPrP in differing cell types. In the retinas of both mouse lines, scrapie replication was detected, PrP-res was generated, and astroglial activation was observed; however, only tg7 mice developed microglial activation and retinal degeneration. In addition, since retinal gliosis and PrPres accumulation slightly preceded retinal degeneration, activation of both astroglia and microglia appeared to be an early response to scrapie infection and PrP-res generation, rather than being a late response to retinal damage. Thus, activated microglia appeared to play a critical role in scrapie-induced retinal damage, in contrast to activated astroglia, which were not sufficient to induce retinal damage in scrapie-infected tgNSE mice. Several possible mechanisms might explain these effects. First, since tg7 retinas had higher levels of scrapie infection and PrP-res than tgNSE retinas, these differences might ac- count for the difference in retinal degeneration. Although PrPres is likely to be the primary cause of initial retinal neuronal and glial stimulation, it seems unlikely that a threefold reduction in PrP-res levels in tgNSE mice would produce no detectable retinal damage during the 12 to 13 weeks before the mice succumbed to brain disease. Alternatively, it is possible that the 30-to 50-fold difference in scrapie infectivity is more important to the retinal damage than the level of PrP-res.
A second possible explanation for the lack of retinal degeneration in tgNSE mice is related to the lack of PrP-sen expression on tgNSE microglia (Fig. 1) . Lack of PrP-sen expression might prevent microglial activation by PrP-res generated in retinal neurons. PrP-sen is a glycophosphatidylinositol-anchored protein known to interact with signal transduction proteins and has been shown to signal through the mitogen-activated protein kinase pathway following exposure to toxic PrP molecules (36, 40) . Thus, tgNSE microglia could not be activated in this manner, since there is no microglial PrP-sen to initiate the process. Microglia can also be activated directly via their G-protein-coupled chemokine receptors; however, the chemokine signals coming from PrP-res-damaged neurons were insufficient to activate microglia in tgNSE retinas through 
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Retinal microglia might also be activated indirectly by cytokines or other non-PrP molecules produced by activated astroglial cells. Chemokines CCL2, CCL3, and CXCL10 were detected in the retinas and brains of both mouse lines. Using in situ hybridization, CXCL10 was shown to be produced primarily by astroglia (Fig. 8B) , and it is possible that the other chemokines are also produced by activated astrocytes, as this has been seen in other systems (38) . However, in the present system, astrocyte activation in scrapie-infected tgNSE mice occurred in the absence of glial PrP-sen expression, and these activated astrocytes were apparently not sufficient to signal activation of retinal microglia or assist in the retinal neurodegenerative process in these mice.
A third possibility for the lack of retinal degeneration in tgNSE mice during scrapie infection could be the lack of microglial recruitment to the tgNSE retina. The lack of PrP-sen expression on tgNSE macrophages and monocytes might prevent these cells from being attracted to the retina by the generation of PrP-res during infection. In many chronic neu- rodegenerative diseases with different etiologies, such as Alzheimer's disease, multiple sclerosis, human immunodeficiency virus type 1 encephalitis, and Creutzfeldt-Jakob disease, accumulation and activation of microglia precede or are concomitant with neuronal and glial cell damage (1), indicating that neuronal and/or glial cell signals can both activate the resident glial cells and recruit the peripheral monocytes to the CNS. In scrapie retinal infection, microglia can be activated/ recruited to the retina within days (33) . In recent work by Priller et al. (41) , peripheral scrapie infection facilitated brain engraftment by bone marrow-derived microglia, indicating a very efficient mechanism of CNS microglial recruitment associated with scrapie infection. However, in our own transplantation experiments, we did not observe a significant recruitment of microglia to the retina (data not shown). This could be due to retina-specific barriers or to the weaker chemokine signals from the tgNSE retina.
In the brain, microglial activation correlated with degeneration and was found in both tg7 and tgNSE mice. Therefore, the activation and function of tgNSE microglia are clearly different in the retina and brain. Possibly in tgNSE mice more PrP-res is produced by neurons in the brain than in the retina, and brain microglia might therefore be more readily activated. In addition, even in tg7 mice, resident brain microglia behaved differently than retinal microglia. For example, in the tg7 retina, upregulation of four different markers of microglial activation was seen (Fig. 3) , whereas in the brain, only one marker (macrosialin) was significantly upregulated, and this was similar in tg7 and tgNSE thalamic and superior colliculus regions (Fig. 7) . Macrosialin is a scavenger receptor found almost exclusively on macrophages, and therefore, these activated cells in the brain might function in part to phagocytose dead and/or dying cells. However, they probably do not represent perivascular macrophages that have migrated to the parenchyma, since that population of CNS phagocytes has recently been shown to lack expression of macrosialin (18) . It is more likely that these cells represent a combination of resident microglia that became activated and infiltrating monocytes/macrophages from the blood. Possibly, the robust infection of the visual areas of the brain attracts infiltrating monocytes/macrophages from the blood, which could explain the similarly increased numbers of cells observed in the two strains of mice.
In summary, our experiments with transgenic mice indicated that activated microglia are strongly associated with neurodegeneration, but in the retina and brain, these cells might act by different mechanisms. The results in the tgNSE retinas are an example of limited damage, even in the presence of active PrP-res accumulation.
